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, the singly-charged (H + ) and the neutral (φ 0 = H 0 or A 0 ) scalar bosons, respectively. It should be emphasized that phenomenology with ξ = 0 is drastically different from that in the case with ξ = 0 where the doublycharged scalar boson decays into the same sign dilepton ℓ + ℓ + or the diboson W + W + depending on the size of v∆. We find that, in the case of ξ > 0, where H ++ is the heaviest, H ++ can be identified via the cascade decays such as H ++ → H + W +( * ) → φ 0 W +( * ) W +( * ) → bbℓ + νℓ + ν. We outline how the Higgs triplet model can be explored in such a case at the LHC. By the determination of the mass spectrum, the model can be tested and further can be distinguished from the other models with doubly-charged scalar bosons. 
I. INTRODUCTION
In spite of its crucial role to trigger the electroweak symmetry breaking, the Higgs sector remains unknown, and its essence is still mysterious. Exploration of the Higgs sector is the most important issue in current high energy physics. Recent results of Higgs boson searches at the Tevatron and the LHC have strongly constrained the mass of the Higgs boson in the Standard Model (SM) to be from 114 GeV to 145 GeV [1] . The Higgs boson is expected to be discovered in near future at the LHC as long as the SM-like picture effectively holds.
At the same time there is no strong motivation to the minimal form of the Higgs sector proposed in the SM, where only one scalar doublet field is introduced. In fact, extended Higgs sectors are often considered in the context of various scenarios for physics beyond the SM, in which new phenomena such as neutrino oscillation [2] , dark matter [3] and/or baryon asymmetry of the Universe [4] are explained.
In order to explain tiny masses of neutrinos, several scenarios have been proposed in the literature, in which a source of lepton number violation is introduced with additional Majorana neutrinos [5] , a triplet scalar field [6] or triplet fermion fields [7] . In particular, the second possibility; i.e., the Higgs Triplet Model (HTM), where a scalar triplet field with the hypercharge Y = 1 1 is added to the SM, is the simplest model which deduces the extended Higgs sector. Assuming that the triplet scalar field carries two units of lepton number, the lepton number conservation is violated in a trilinear interaction among the Higgs doublet field and the Higgs triplet field. Majorana masses for neutrinos are then generated through the Yukawa interaction of the lepton doublet and the triplet scalar field. When the masses of the component fields of the triplet are at the TeV scale or less, the model can be tested by directly detecting them, such as the doubly-charged (H ±± ), singly-charged (H ± ) and the neutral scalar bosons. In addition to the appearance of these charged scalar bosons, a striking prediction of the HTM is the relationship among the masses of the component fields of the triplet scalar field; m
, where m H ++ , m H + and m φ 0 are the masses of H ±± , H ± and φ 0 , respectively, where φ 0 is H or A with H to be the triplet-like CP-even Higgs boson and A to be the triplet-like CP-odd Higgs boson. The squired mass difference ξ is determined by v (≃ 246 GeV), the vacuum expectation value (VEV) of the doublet scalar field, and a scalar self-coupling constant. As such a mass difference is not forbidden by the symmetry of the model, we may be able to distinguish the model from the others which contain charged Higgs bosons by measuring ξ. Namely, if we discover H ±± , H ± and φ 0 and if we confirm the relationship mentioned above, the model could be identified.
In the previous studies, the collider phenomenology in the HTM has been discussed mainly by assuming ξ = 0 [8] [9] [10] [11] [12] [13] [14] [15] 
/ have been studied in Ref. [11] . However, in the case of ξ = 0, as pointed out in Refs. [10] [11] [12] [13] 17] , the situation is changed drastically as compared to that of the ξ = 0. There are two cases with ξ = 0 depending on the sign of ξ. If ξ is positive (negative), H ++ is the heaviest (lightest) of all the triplet-like scalar bosons. In the case of ξ < 0, while 3 . Detailed analyses for collider signature of these processes for ξ > 0 have not been studied so far.
In this paper, we focus on the phenomenology of the HTM with the mass difference among the triplt-like scalar bosons at the LHC. In particular, we discuss the case with ξ > 0. In this case, the limit of the mass of H ++ from the recent results at the LHC cannot be applied, so that the triplet-like scalar bosons with the mass of O(100) GeV are still allowed 4 . We find that m H ++ may be reconstructed, for example from the process
by observing the Jacobian peak in the transverse mass distribution of the ℓ + ℓ + bbE T / system. In addition, m H + can be reconstructed, for example from the process
by measuring the Jacobian peak in the transverse mass distribution of the ℓ + bbE T / system. Furthermore, m φ 0 can be measured by using the invariant mass distribution of the bb system. From these analyses all the masses of the triplet-like scalar bosons may be able to be reconstructed. By measuring these mass differences, we may be able to distinguish models which contain doubly-charged scalar bosons, for instance, doublycharged scalar bosons from singlet fields which are motivated by the Zee-Babu model [18] and that from doublet scalar bosons which are discussed in Refs. [8, 19, 20] . This paper is organized as follows. In Sec. II, we give a brief review of the HTM. In Sec. III, the decay branching ratios of the triplet-like scalar bosons are evaluated in both the case of ξ = 0 and ξ = 0. In Sec. IV, we outline the mass reconstruction of the triplet-like scalar bosons. Discussions are given in Sec. V, and conclusions are presented in Sec. VI. 4 λ 5 . It is useful to define the mass difference (not squired) as ∆m ≡ m H ++ − m H + . In the limit of v ∆ → 0, Yukawa interactions and gauge interactions of h become completely the same as those of the SM Higgs boson at the tree level. In this sense, we call h the SM-like Higgs boson. Some theoretical bounds for the Higgs potential have been studied in Ref. [21] .
The neutrino masses are generated through the Yukawa interaction;
where h ij is a 3 × 3 symmetric complex matrix and L i L is the i-th generation of the left-handed lepton doublet. The neutrino mass matrix is obtained as
By this equation, the Yukawa coupling constant h ij and v ∆ are related with each other. This characteristic feature is important to discuss the decay of the triplet-like scalar bosons: H ±± , H ± , H and A. The decay branching fractions of these scalar bosons are discussed in the next section.
In the HTM, the rho parameter ρ is predicted at the tree level as
so that v ∆ is constrained from the current experimental data, ρ exp = 1.0008
−0.0007 [22] , i.e., v ∆ 8 GeV. We here give some comments on radiative corrections in this model. The relation m
can be changed when radiative corrections are taken into account. Radiative corrections in models with ρ = 1 at the tree level have been studied in Refs. [23] [24] [25] [26] [27] [28] [29] , where the correction to the rho parameter is mainly discussed. However, such an analysis of the radiative correction has not been done yet for the HTM with the triplet field with Y = 1, neither to the rho parameter nor to the Higgs potential. A detailed study of radiative corrections in the HTM is an important and interesting issue which will be performed in near future. In this paper, we focus on the strategy of measuring the masses of the triplet field in the case with the mass differences at the LHC, so that we do not give a further discussion on the radiative correction. At the one-loop level, the relation in mass differences can be rewritten as
where δ φ 0 is the deviation from the tree level prediction due to radiative corrections, which is given as a function of the masses and mixing angles. In principle, we may test the HTM with this kind of the corrected mass relation instead of the tree level formula by measuring the masses of the bosons.
III. DECAY OF THE SCALAR BOSONS
In this section, we discuss the decay branching ratios of the triplet-like scalar bosons H ±± , H ± , H and A [11] . We discuss both the cases of ξ = 0 and ξ > 0. At the end of this section, we also comment on the case of ξ < 0. The decay modes of the triplet-like scalar bosons can be classified into three modes: (i) decay via the Yukawa coupling defined in Eq. (10) GeV. This result is consistent with Ref. [11] .
We consider the decay branching ratio of H ++ . In the case with ∆m = 0 and m In the upper left (right) figure, m H ++ is fixed to be 120 GeV (300 GeV), and ∆m is taken to be zero. In the middle left (right) figure, m H ++ is fixed to be 140 GeV (320 GeV), and ∆m is taken to be 10 GeV. In the bottom left (right) figure, m H ++ is fixed to be 190 GeV (360 GeV), and ∆m is taken to be 30 GeV. Finaly, we comment on the case of ξ < 0. In this case, H and A can decay into H ± W ∓( * ) depending on the magnitude of ξ and v ∆ . At the same time, H + can decay into H ++ W −( * ) . The decay of H ++ is the same as in the case without the mass difference. In all the figures, m h is taken to be 114 GeV. In the upper left (right) figure, m H + is fixed to be 120 GeV (300 GeV), and ∆m is taken to be zero. In the middle left (right) figure, m H + is fixed to be 130 GeV (310 GeV), and ∆m is taken to be 10 GeV. In the bottom left (right) figure, m H + is fixed to be 160 GeV (330 GeV), and ∆m is taken to be 30 GeV.
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IV. MASS DETERMINATION OF THE TRIPLET-LIKE SCALAR BOSONS AT THE LHC
In this section, we discuss how the HTM with ξ > 0 can be tested at the LHC. At the LHC, the triplet-like scalar bosons H ±± , H ± , H and A are mainly produced through the Drell-Yan processes, for instance,
and pp → HA. In particular, latter three processes are important when we consider the case of ξ > 0. The cross sections for the latter three production processes are shown in FIG. 5 .
We comment on vector boson fusion production processes. There are two types of the vector boson fusion processes. First one is the process via V V ∆ vertices, where V = Z or W ± . The cross section of this process is small, since the V V ∆ vertex is proportional to v ∆ 5 . The other one is the process via the gauge coupling constant. In particular,→ q ′ q ′ H ++ φ 0 is the unique process whose difference of the electric charge between produced scalar bosons is two. This production cross section is 0.51 fb (0.13 fb) at √ s = 14 TeV ( √ s = 7 TeV ) assuming mass parameters Set 1 which is given just below. We consider the following two sets for mass parameters: which correspond to the cases with ξ=(52 GeV) 2 and ξ=(102 GeV) 2 , respectively. In the following numerical analysis, λ 2 = 0 is taken. In these parameter sets, the production cross sections for the triplet-like scalar bosons are listed in TABLE I. We can classify scenarios by the following four regions of v ∆ for Set 1:
We can also classify scenarios by the following four regions of v ∆ for Set 2:
In each scenario, main decay modes of the triplet-like scalar bosons are listed in TABLE II and TABLE III . We here analyse the signal for Set 1 which may be used to reconstruct the masses of the triplet-like scalar bosons. The signal distributions discussed below are calculated by using CalcHEP [32] .
Scenario (1a) ; We can measure m H ++ by observing the endpoint in the transverse mass distribution of the ℓ (FIG. 6 upper left) . At the same time, we can also determine m H + by measuring the endpoint in the transverse mass distribution of the ℓ + jjE T / system or the ℓ + E T / system in the process (FIG. 6 upper right and lower left) . In addition, m φ 0 can be determined by using the invariant mass distribution or by observing the endpoint in the transverse mass distribution of the bb system in the process pp (FIG. 6 lower right) .
Scenario (1b) ;
We can determine m H ++ by measuring the endpoint in the transverse mass distribution of the ℓ (FIG. 7 left) . Analysing the transverse mass distribution for the ℓ + ℓ + j b j b E T / system, we treat that a lepton pair ℓ + ν from W + * as one massless fermion as represented X + in FIG. 7 . This procedure is justified since the angle between ℓ + and ν is distributed almost around 0
• . We can also determine m H + by measuring the endpoint in the transverse mass distribution of the ℓ (FIG. 7 center) . In addition, m φ 0 can be reconstructed by measuring the invariant mass distribution of the bb system and by observing the endpoint of the transverse mass distribution of the bb system in the process (FIG. 7 right) .
The final state of the decay of the triplet-like scalar bosons always include neutrinos, so that the reconstruction of the masses of the triplet-like scalar bosons would be challenging.
Scenario (1d) ;
This scenario is already excluded from the direct search results at the LHC for the processes of pp →
In TABLE IV, processes which can use the reconstruction of the masses of the triplet-like scalar bosons are summarized in each scenario. The cross sections for the final states of each process are also listed. In the case of Set 2, the masses of the triplet like scalar bosons may be able to reconstruct in the similar way to the case of Set 1. Thus, we show only the signal cross sections for the final states for Set 2 in TABLE V.
V. DISCUSSIONS
We give comments on the discrimination of the model from the others which contain doubly-charged scalar bosons such as that from Y = 2 singlet scalar fields and/or Y = 3/2 doublet scalar fields. First, doubly-charged scalar The transvers mass distributions for each system in Scenario (1a). The total event number is assumed to be 1000. In the bottom-right figure, the horizontal axis M represents the transverse mass distribution for the bb system MT (bb) (solid) or the invariant mass distribution for the bb system Minv(bb) (dashed).
bosons from singlet fields appear in the Zee-Babu model [18] which generates neutrino masses at the 2-loop level.
The doubly-charged scalar bosons from this model do not couple to W boson. Thus, it may be distinguished by the production process for doubly-charged scalar bosons associated with singly-charged scalar bosons. Second, we consider the discrimination of the HTM from the model with the Y = 3/2 doublet H 3/2 = (H can decay into the same sign dilepton. The transvers mass distributions for each system in Scenario (1b). The total event number is assumed to be 1000. In the right figure, the horizontal axis M represents the transverse mass distribution for the bb system MT (bb) (solid) or the invariant mass distribution for the bb system Minv(bb) (dashed).
decays into τ + ν or cs via the mixing with the singly-charged scalar boson from the Y = 1/2 doublet fields 7 while H + decays into φ 0 W +( * ) in the HTM. Therefore, we can distinguish these models because the final state is different. Finally, the singly-charged Higgs boson in the HTM can also be discriminated from that in the two Higgs doublet model (THDM). In both the models H + is produced via pp → W + * → H + A (H + H). In the THDM with the type II Yukawa interaction including the minimal supersymmetric standard model 8 , H + decays into τ + ν or tb depending on the mass of the H + while H or A decays into bb as long as the masses are not too heavy. Therefore, the final state of the pp → H + A is τ + νbb or W + bbbb in the type II THDM [34] . Although the latter final state is the same as that in the HTM with ξ > 0 we may be able to distinguish these models by reconstructing the top quark in the W + b system. In the THDM with the type X Yukawa interaction (the lepton specific THDM), extra neutral Higgs bosons decay into τ + τ − instead of bb [35] , which is different from the HTM, and we would be able to separate the models. We have discussed the case of light triplet-like scalar bosons with these masses of O (100) GeV. Here, we comment on a rather heavy triplet-like scalar bosons case, e.g., m H ++ = 320 GeV, m H + = 310 GeV and m φ 0 = 300 GeV. The biggest change should be in the decay of the neutral scalar bosons; i.e., H (A) decays into hh (hZ) when v ∆ 10
−3
GeV ( see FIG. 4) . Decay of H ++ is almost the same as in the case of the light triplet-like scalar bosons case ( see  FIG. 2 ). H + can decay into tb instead of τ + ν ( see FIG. 3 ). Since decay modes of the neutral scalar bosons change, final states via H or A include more jets. At the same time, the production cross sections for the Drell-Yan processes decrease in this case. For instance, the cross sections for pp → H ++ H − , pp → H + φ 0 and pp → HA are 15 fb (3.4 fb), 7.7 fb (1.7 fb) and 5.6 fb (1.1 fb), respectively at √ s = 14 TeV (7 TeV). Therefore, measurement the masses of the triplet-like scalar bosons is rather challenging, especially when H ++ decays into H + W +( * ) . In this paper, we only have discussed the signal processes and we have not discussed backgrounds against the signal. The background analysis is beyond the scope in this paper. It would be expected that the backgrounds can be reduced after the appropriate kinematic cuts. For example, in the case of Scenario (1b), the main background against the 
Although the cross sections for the signal and the background are comparable at this stage, the background can be further reduced by reconstructing the top quarks by using the invariant mass distribution of the bjj system and the endpoint in the transverse mass distribution of the bℓE T / system. In the case where both the W bosons from the top quarks decay leptonicaly; i.e., ttW + W − → (bℓ + ν)(bℓ − ν)(jj)(jj), the reconstruction of the top quarks would be difficult. However, by using the electric charge identification for leptons, the background and the signal can be further separated. The main backgrounds against the signal pp → H + φ 0 → (ℓ + bbE T / )(bb) may come from tt and ttγ * /ttg * whose cross sections would be O(10) pb and O(1) pb at √ s = 14 TeV, respectively. The cross section for the final state of the signal pp → H + φ 0 → (ℓ + bbE T / )(bb) is 36 fb at √ s = 14 TeV. For the background of tt → (bℓ + ν)(bjj), the top quarks can be reconstructed similarly in the case of the background of ttW + W − → (bℓ + ν)(bjj)(ℓ + ν)(jj), so that this background would be separated. Next, the process ttγ * /ttg * → (bℓ + ν)(bℓ − ν)(jj) can be a background if one of the charged lepton is miss identified. The cross section for the final state of the background would be O(10)
can decay into the SM particles if the model has two Higgs doublet fields with Y = 1/2 at least. 8 The mass of H ± with O(100) GeV is highly constrained by the b → sγ experiments [33] in the general type II THDM.
fb when the miss-identification rate for a charged lepton is assumed to be 10%. The cross sections for the signal and the background are comparable at this stage. In this case, although we may not be able to use the top quark reconstruction, by using the b-tagging and the cuts for the low energy jet, the background would be expected to be reduced. However, it goes without saying that the detector level simulation is necessary to clarify the feasibility of the signal. This would be a future task.
VI. CONCLUSIONS
In the HTM, a characteristic mass spectrum ξ = m Therefore, by measuring this mass spectrum of the triplet-like scalar bosons, the model can be tested at the LHC. We have investigated the collider signature in the HTM with ξ > 0 at the LHC. In this case, H ++ is the heaviest of all the triplet-like scalar bosons. When v ∆ > 10 −4 − 10 −3 GeV, H ++ does not decay into the same sign dilepton so that the limit of the mass of H ++ from the recent results at the LHC cannot be applied. We thus mainly have discussed the case of light triplet-like scalar bosons whose masses are of O(100) GeV. In such a case, triplet-like scalar bosons mainly decay into H ++ → H + W +( * ) , H + → φ 0 W +( * ) and φ 0 → bb. We have found that all the masses of the triplet-like scalar bosons may be able to be reconstructed by measuring the endpoint in the transverse mass distribution and the invariant mass distribution of the systems which are produced via the decay of the triplet-like scalar bosons.
Detector level simulation should be necessary to clarify the feasibility of measuring the masses of the triplet-like scalar bosons.
